INTRODUCTION
Prestressed flat slabs are extensively used in Europe for small and medium span bridges.
They are also a common solution for foundations mats and long span flat slabs in buildings (for spans larger than 10-12 m) as shown in Figure 1 . Although simple in appearance, a flat slab system presents a complex load bearing behaviour, especially at slab-column connections where punching resistance is frequently the governing design criterion. Punching failure results from the interaction of shear forces and bending moments near the supported areas, and is typically characterised by brittle failures (particularly associated to large depth and/or large flexural reinforcement ratios). Although punching failure is local (developing at a single slab-column connection), it overloads adjacent columns and can lead to progressive collapses [3] . In recent years, there had been some examples of progressive collapses of this type of structures that originated important material and human losses (see [6, 12] ).
With respect to the influence of prestressing on the punching shear strength, it has been reported a number of potential beneficial effects on the literature [22, 23] :
-the vertical component resulting from inclined tendons near the column (direct transmission of the shear force to the support),
-the presence of compression stresses in the concrete resulting from prestressing, which have been reported to lead to an increase on the punching shear, -the moments due to the prestressing eccentricity, that in general have opposite sign to those of from gravity loads and, in this case, have also been reported to increase the punching shear strength.
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The present work investigates the influence of prestressing on the punching shear strength of flat slabs. To that aim, the Critical Shear Crack Theory is used. This theory provides a mechanical model suitable for investigating shear and punching shear problems and was selected as the state-of-the-art model to ground fib Model Code 2010 (MC2010 [4] ) punching shear provisions. The results of this theory, following the MC2010 implementation, as well as other codes based on empirical formulations for punching shear design (such as Eurocode 2 [2] or ACI318-11 [1] ) are compared to a set of 65 tests available in the scientific literature drawing a number of conclusions on the pertinence and accuracy of each approach.
INFLUENCE OF PRESTRESSING ON THE PUNCHING SHEAR OF CONCRETE SLABS
As previously stated, prestressing induces a number of phenomena influencing punching shear strength. In the following, these phenomena will be investigated on the basis of the Critical Shear Crack Theory (CSCT). A detailed description of the fundamentals of this theory and of its implementation on MC2010 has been presented elsewhere [14] .
According to the CSCT, the punching shear strength (V R ) depends on the opening (w) and roughness of a critical shear crack developing through the compression strut carrying shear, 
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Where f c refers to the compressive strength on concrete measured on cylinder, d to the effective depth of the member, d v to the shear-resisting effective depth (accounting for supported area penetration [14] ), b 0 to a control perimeter located at d v /2 from the face of the supported area and d g0 is a reference aggregate size (equal to 16 mm).
On the basis of this criterion, and accounting for characteristic material properties and safety factors, the following design failure criterion (V Rd ) was proposed [11] and recently adopted by MC2010 [14] (Figure 2b , refer to characteristic failure criterion with γ c = 1.0):
Where f ck refers to the characteristic compressive strength of concrete measured on cylinder, γ c is the partial safety factor for concrete (typically equal to 1.5) and k dg is a coefficient accounting for the maximum aggregate size whose value can be calculated as:
Calculation of a failure load can thus be performed by intersecting the actual behaviour of a slab (characterized by its load-rotation behaviour) with the failure criterion ( Figure 2c ).
For design of prestressed slabs, the influence of the prestressing has to be accounted on the actions and actual behaviour of the slab. With respect to the shear transferred by concrete (V c ), it can be noted that it is reduced by the inclined component (force) of the tendons (refer to Figure 3a) :
Where R refers to the reaction on the supported area, q to the external loads acting on top of the punching cone, V E to the acting shear force (difference of the previous components) and V P to the inclined force carried by the tendons intercepted by the punching surface (alternatively, accounting the deviation forces of prestressing on term q and considering V P =0 Accepted Article Structural Concrete yields the same results). It can be noted that punching failure occurs when the shear transferred by concrete (V c = V E -V P , Eq. (4)) equals the available concrete strength (V R , Eqs.
(1,2)).
With respect to the influence of prestressing on the behaviour of the slab which is governed by the rotation of the slab (ψ), two different phenomena can be observed. The first one relates to the influence of compression normal stresses acting on the slab (Figure 3b ) which delay concrete cracking and stiffen the cracked response of concrete. This leads to stiffer loadrotation behaviours than for non-prestressed slabs for the same amount of flexural reinforcement and increases thus the punching shear strength, refer to point B on Figure 3b . It can be noted that for tensile normal stresses (which should not be the case of prestressing), this effect will lead to a softer response and thus to lower punching shear strength (point C on Figure 3b ). The second phenomenon on the load-rotation response refers to the eccentricity of the tendons which originate bending moments on the failure region. These moments, when they oppose to those of the external actions, also delay cracking of the concrete and stiffen the overall response of the member (refer to point B' on Figure 3c where, as sign convention, positive moments lead to tension on the top side of the slab). This is the case for typical arrangements of prestressing tendons. In case the moments are of same sign as those of the external actions, a reduction on the punching shear strength will however follow (softer loadrotation behaviour, refer to point C' in Figure 3c) These observations on the influence of in-plane forces and bending moments on the punching shear strength were already noted by the Fip Recommendations for the Design of PostTensioned Slabs and Foundations [20] and other authors [8, 22, 23 ] who proposed to use the decompression moment as a suitable parameter to account for the combined influence of moments and normal forces. This is also the approach followed by the CSCT and that has been implemented on MC2010 as it will later be explained.
Accepted Article

⎤ ⎦
With respect to the influence of prestressing on the failure criterion, it can potentially influence the shear transfer capacity of concrete in a positive manner (increase of the compression zone carrying shear). For design purposes, however, this influence is usually neglected. This is for instance the approach followed by MC2010, which nevertheless (and as later shown in the paper) leads to sufficiently accurate and safe results when compared to test results.
DESIGN FOR PUNCHING IN PRESTRESSED SLABS
A number of design codes and recommendations are available for punching shear design of prestressed concrete flat slabs. They however present significant differences in their nature (empirical formulations or physical models) and on the treatment of the prestressing effects and their evaluation. In the following two empirical approaches (Eurocode 2 and ACI 318-11), as well as MC2010 (based on the physical model of the CSCT) will be examined in detail and compared to test results.
Eurocode 2 (2004)
The punching shear strength for Eurocode 2 is expressed in Eq. (5). It can be noticed that the vertical component of tendons V p,EC (see Figure 4 ) is calculated at 2d from the border of the column and is taken into account as an action.
( )
where: This expression accounts for the presence of normal stresses but not for the eccentricity of the tendons (moments).
ACI 318 (2011)
The punching strength prediction is expressed according to Eq. (6), which takes into account the vertical component of the tendons V p,ACI , calculated at 0.5d from the border of the column as an additional strength, contrary to Eurocode 2. , 0.3
where:
is the control perimeter located at 0.5d from the border of the column (Figure 4) As for Eurocode 2, this expression accounts for normal stresses but not for eccentricity of the tendons. Contrary to Eurocode 2, no size effect factor is accounted.
Model Code 2010
MC2010 [4] incorporates a number of significant changes with respect to previous versions of Model Code (1978 Code ( , 1990 ), refer to [14] . This is particularly relevant for shear and punching shear design for members without transverse reinforcement, where instead of previous empirical formulations, design is based on consistent physical theories. For punching shear, the provisions are grounded on the physical model of the CSCT. Another significant innovation in Model Code 2010 with respect to other codes is that it proposes to Accepted Article Structural Concrete perform design based on the Levels-of-Approximation (LoA) approach, see [13, 14] . Such an approach consists on improving the accuracy on the estimate of the strength and behaviour of a member by successive refinements on the value of the physical parameters accounted by the design model. This allows performing simple and low time-consuming estimates of the strength for preliminary design (LoA I) and more refined ones (LoA II and following) for tender or executive design as well as for assessment of existing critical structures. Hereby, it is explained the Model Code 2010 approach to take into account the influence of prestressing on punching shear strength at LoA II and III (typical LoA to be used for structures where punching shear strength is governing). To do so, Model Code 2010 approach for slabs without prestress will first be explained. On that basis, the modifications to be considered for prestressed slabs will be detailed.
In a general manner MC2010 proposes to calculate the punching strength of members without transverse reinforcement as detailed in Equation (7):
Where V R,MC is evaluated according to the CSCT failure criterion (refer to Eq. (2)), whose terms are evaluated through the following parameters:
With k dg defined in Eq. (3). The vertical component of the tendons V P,MC is calculated at 0.5d from the border of the column as well as for the control perimeter b MC (see Figure 4) . The rotation at failure (ψ, refer to Eq. (8)) can be evaluated by using the Levels-of-Approximation approach.
Accepted Article Structural Concrete
Non prestressed slabs
Level of approximation II
If the slab is subjected to vertical forces as shown in Figure 5a , the expression of the rotation can be given by Eq. (9):
where r s refers to the distance from the axis of the column to the line of contra-flexure of bending moments and is to be evaluated in the x and y directions. For LoA II and for regular slabs, it can be assumed that the zero moment line is located in the directions x and y at about 
For inner columns without unbalanced moments (case that will later be compared to test results) and at LoA II, m s can be estimated as equal to V/8. With respect to term m R , it refers to the unitary bending strength (bending strength per unit length), which can be calculated assuming reinforcement yielding at failure.
Level of approximation III
The expression of the rotation given by Eq. (9) 
where n is the normal force per unit length, h the height of the slab, d the effective depth and e the eccentricity of the normal force from the centre of gravity of the section. It can be noted that this term effectively accounts for the influence of the in-plane forces (n) and of its resulting bending moments (accounted by means of the prestressing eccentricity, e). As sign convention, the decompression moment is considered positive when it leads to compressive stresses on the top side of the slab (usual cases).
At LoA II, the rest of the parameters of Eq. (12) can be calculated in the same manner as for the case without prestressing. With respect to term m R , it can be calculated assuming that both ordinary and prestressed reinforcement yield at failure.
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Level of approximation III
The rotation can be estimated (in an analogous manner as for non prestressed slabs) by replacing coefficient 1.5 of Eq. (12) Figure 6b ). It can be noted that for calculation of these parameters, the influence of prestressing is relatively limited and can in many cases be neglected.
-The strip moments (m sx and m sy ) are calculated by integration of the moments acting at the support strip. This integrations has to account for all actions except prestressing (refer to m V Figure 6c ) as prestressing effects are already considered on term m P .
COMPARISON OF TEST RESULTS WITH DESIGN CODES
A large number of tests are available in the scientific literature dealing with slabs subjected to in-plane forces or prestressed [5, 7-10, 15-19,21,22] . In this section, 65 tests are compared to code predictions from Eurocode 2, ACI 318-11 and MC2010 in order to investigate on the suitability of each code. In the following, the strength predicted by the codes (V code ) will be compared to the maximum load of the tests (V R ) accounting for the inclined component of prestressing as previously explained:
for ACI 318-11 (since V P,ACI is accounted for in the term of the punching shear strength, refer to Eq. (6)) for Eurocode 2
The detailed results are shown in Table 1 and Figure 8b shows the ratio between the maximum load of the test and the strength provided by the code predictions as a function of a normalized in-plane stress (σ p /f c ). All the investigated codes take into account the influence of the in-plane stress due to prestress on the punching shear strength. The code providing best predictions is MC2010, particularly at LoA III, where no visible trends are observed. In fact, a test performed by Regan [19] is subjected to a tensile stress (σ p /f c = -0.12, left hand-side of the diagrams). While ACI 318-11 and Eurocode 2 do not estimate properly the strength for this test, the prediction of MC2010 at LoA III gives an accurate result, showing that using the decompression moment method provides consistent estimates of the punching strength. Figure 8c shows the influence of the bending moments (due to prestressing eccentricity). It can be noted that both ACI 318-11 and Eurocode 2 significantly increase their scatter on the 2. Tendon inclination near the supported area is an effective manner to increase punching shear strength. However, only tendons close to the supported area (at a distance lower or equal than 0.5d from the border of the column) are to be considered.
Influence of in-plane stresses
Influence of bending moments
3. Using the decompression moment as a parameter to account for the influence of prestressing in flat slabs is an efficient manner to account both for the in-plane forces and bending moments originated by prestressing.
4. Most empirical design models, however, neglect the influence of bending moments due to prestressing. This leads to inaccurate results when compared to test results.
5. ACI 318-11 code provides, on average, safe results with a quite large scatter. 
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